Human noroviruses, the most common cause of nonbacterial gastroenteritis, are characterized by high infectivity rate, low infectious dose, and unusually high stability outside the host. However, human norovirus research is hindered by the lack of a cell culture system and a small animal model of infection. Norwalk virus (NV) is the prototype strain of human noroviruses. We report here replication of NV viral RNA and its packaging into virus particles in mammalian cells by intracellular expression of native forms of NV viral RNA devoid of extraneous nucleotide sequences derived from the expression vector by the use of replication-deficient vaccinia virus MVA encoding the bacteriophage T7 RNA polymerase (MVA͞ T7). Expressed genomic RNA was found to replicate; NV subgenomic RNA was transcribed from genomic RNA by use of NV nonstructural proteins expressed from genomic RNA and was subsequently translated into NV capsid protein VP1. Viral genomic RNA was packaged into virus particles generated in mammalian cells. The cesium chloride (CsCl) density gradient profile of virus particles containing genomic RNA was similar to that of NV purified from stool. These observations indicate that the NV cDNA constructed here is a biologically infectious clone, and that mammalian cells have the ability to replicate NV genomic RNA. This work establishes a mammalian cell-based system for analysis of human norovirus replication and, thus, makes it feasible to investigate antiviral agents in mammalian cells.
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human norovirus ͉ norovirus RNA replication N oncultivatable human norovirus belongs to the Norovirus genus of the family Caliciviridae and is classified as a Group B biodefense pathogen. Human noroviruses are responsible for almost all outbreaks (Ͼ95%) of nonbacterial gastroenteritis in the United States and Europe (1, 2) . Incidents of the rapid spread of norovirus-related illness in the cruise ship industry have led to an increased recognition of the impact of norovirus infections on public health (3) .
Norwalk virus (NV), the prototype strain of human norovirus, is a nonenveloped virus that contains a Ϸ7.7-kb positive-sense single-stranded RNA genome (4) . The NV genome is polyadenylated at its 3Ј end and encodes three primary ORFs (Fig. 1A ) (4) . ORF1 encodes a nonstructural polyprotein containing the following genes from the 5Ј end to the 3Ј end, respectively: p48, nucleotide triphosphatase (NTPase), p22, VPg, protease (Pro), and RNA polymerase (RNA Pol) (Fig. 1 A) (5) . ORF2 and ORF3 encode structural proteins, the major capsid protein (VP1) and a minor structural protein (VP2), respectively ( Fig.  1 A) (4) . Expression of VP1 in insect cells infected with baculovirus recombinants results in the self-assembly of empty recombinant virus-like particles (VLPs) (6, 7) . VP2 is also incorporated into VLPs when VP2 is coexpressed with VP1 (8), and its presence increases the yield and stability of VLPs (9) .
Since the initial cloning and sequencing of the NV genome (4, 10), many other norovirus sequences have been reported (11, 12) . Despite the availability of cloned genomes, molecular studies of NV replication and development of antiviral drugs have been hampered by the lack of a suitable in vitro culture system and an animal model. The lack of a replication system for the viral genome in mammalian cells has also hindered the identification of a consensus nucleotide sequence representing a bona fide infectious molecular clone. To overcome these limitations, we have sought to establish a mammalian cell-based system for replication of human norovirus based on a system of reverse genetics. We report the replication of viral RNA and its packaging into virus particles in mammalian cells by intracellular expression of NV cDNA by using the attenuated recombinant modified vaccinia virus strain Ankara expressing the bacteriophage T7 RNA Pol (MVA͞T7) (13, 14) .
Materials and Methods
Cells, Viruses, and Antisera. HEK293T cells (kindly supplied by Richard E. Sutton, Baylor College of Medicine, Houston) and Syrian hamster kidney fibroblast BHK-21 cells (American Type Culture Collection, Rockville) were grown in DMEM and MEM, supplemented with 10% FBS, respectively. Growth of MVA͞T7 virus (kindly provided by Bernard Moss, National Institutes of Health, Bethesda) and virus titration were performed in BHK-21 cells (14) . Antisera to RNA-dependent RNA Pol and Pro were made to synthetic peptides (RLTQILKEYGLKPTRP-DKTE) for RNA Pol and (DLGTIPGDCGAPYVHKRGND) for Pro as described in ref. 15 .
Expression of NV Viral RNA by MVA͞T7 System. 293T cells were infected with MVA͞T7 at an moi of 10 TCID 50 per cell, incubated for 1 h at 37°C, and then were transfected with plasmid DNA by using Lipofectamine 2000 (Invitrogen) as recommended by the manufacturer.
Northern Blotting. Cytoplasmic RNA was isolated from cells similar to the method described by Makino et al. (16) . Poly (A) ϩ RNA was selected from 9 g of cytoplasmic RNA by using the PolyATtract mRNA isolation system (Promega) as recommended by the manufacturer, and then loaded onto a denaturing agarose gel for Northern blotting. After transfer onto ZetaProbe membranes (Bio-Rad Laboratories), RNA was probed with a (Ϫ)-sense [ 32 P]-labeled RNA probe complementary to nt 6364-6771 of the NV genome. Prehybridization and hybridization were performed at 55°C according to the manufacturer's protocol. The membranes were washed four times for 5 min each at room temperature with 2ϫ SSC (1ϫ SSC ϭ 0.15 M sodium chloride͞ 0.015 M sodium citrate, pH 7)͞0.1% SDS, twice for 1 h each at 70°C with 2ϫ SSC͞0.1% SDS, and then twice for 1 h each at 70°C with 0.1ϫ SSC͞0.1% SDS. The membranes were exposed to film for signal detection. To prepare the RNA probe, a plasmid was constructed by inserting bases 6364-6771 of the NV genome into pSP73 (Promega). The RNA probe was prepared by in vitro transcription by using SP6 RNA Pol in the presence of 100 Ci (1 Ci ϭ 37 GBq) of [␣-
32 P]-UTP (10 mCi͞ml).
Isolation of Virus or Virus Particles.
At 48 h after infection, the culture supernatants were harvested from 12 flasks (75 cm 2 ) and were passed through 0.1-m pore-size sterile filters (MILLEX-VV, Millipore) to eliminate any potentially contaminating MVA͞T7 virus. The virus particles in the supernatants were isolated by pelleting through a 30% sucrose cushion, followed by isopycnic CsCl (0.43g͞ml) gradient centrifugation and subsequent fractionation as described in ref. 17 . Putative virus particles in individual fractions were pelleted (17) and suspended in 100 l of water. The presence of virus particles in each fraction was examined by immunoblotting (8, 18) and negative staining electron microscopy (18) . For immunoblotting, rabbit polyclonal antibodies against rNV VLPs (6) and VP2 (8) were used at a final concentration of 1:5,000 and 1:1,000, respectively. Tables 1 and 2 , which are published as supporting information on the PNAS web site.
Results

Strategy for Expression of the Native Forms of NV Genomic and
Subgenomic RNA. Two species of NV cDNA, genomic and subgenomic (Fig. 1B) , were used because such viral RNAs have been detected in cells infected with animal caliciviruses (5). Construction of the subgenomic NV cDNA used for this experiment was based on the nucleotide sequences of subgenomic RNA found in animal caliciviruses (5). Genomic and subgenomic NV cDNAs having poly(A) tracts were positioned downstream of the T7 promoter and upstream of the hepatitis delta virus ribozyme (H␦R) and the T7 RNA Pol termination signal (T7) to allow for generation of transcripts with the exact 5Ј and 3Ј ends of the NV genome (Fig. 1B) . Because initiation of transcription of the plasmid constructs under the control of the T7 promoter is at a G nucleotide (19) and the initial nucleotide for NV RNA is a G, transcription of NV cDNAs occurs at the origin of the NV insertion. Autocatalytic cleavage of primary transcripts occurs between the final A of the poly(A) region and the first G of the H␦R site, resulting in viral RNAs that terminate with a poly(A) tail.
Expression of Genomic RNA in Mammalian Cells. To determine whether the genomic cDNA construct of NV is a functional infectious clone, NV genomic RNA was expressed in 293T cells by use of the MVA͞T7 system. Expression of the viral nonstructural proteins Pro and RNA-dependent RNA Pol was detected by radioimmunoprecipitation and immunofluorescence in cells expressing genomic RNA ( Fig. 2A) . Because ORF1 of the NV genome encodes a nonstructural polyprotein (Fig. 1 A) that is cleaved into the corresponding nonstructural proteins by Pro (4, (20) (21) (22) (23) (24) (25) , detection of the correct sizes of Pro and RNA Pol, located at the extreme 3Ј end of ORF1, by radioimmunoprecipitation indicates that the nonstructural polyprotein was translated from the genomic RNA expressed in 293T cells, and the individual nonstructural proteins were subsequently generated by cleavage with a biologically active Pro. Both Pro and RNA Pol also were detected by immunofluorescence in the cytoplasm of the expressing cells.
Expression of the viral capsid protein VP1 was also detected by radioimmunoprecipitation and immunofluorescence (Fig.  2 A) . In animal caliciviruses such as feline calicivirus (FCV) and rabbit hemorrhagic disease virus, subgenomic RNA transcribed from genomic RNA serves as the template for translation of VP1 (5) . In vitro translation of genomic RNA did not produce any VP1 (Fig. 6 , which is published as supporting data on the PNAS web site), indicating that VP1 as detected in genomic RNAexpressing cells was not generated by an internal initiation-based translation mechanism. Thus, detection of VP1 in cells expressing genomic RNA suggested that it was translated from subgenomic RNA, which was transcribed from replicated genomic RNA by the expressed NV nonstructural proteins. Expression of 
poly(A)
ϩ subgenomic RNA in the genomic RNA-expressing cells was examined at 4, 6, 8, 10, and 12 h after transfection (pt) by Northern blot analysis with a positive strand-specific RNA probe corresponding to the VP1 region of the NV genome (Fig.  2B ). Genomic RNA (7.6 kb) was first detected at 4 h pt (lane 1), and the levels of genomic RNA declined over time (lanes 2 to 5). Run as controls, subgenomic cDNA-transfected cells (lane 7) and in vitro transcripts of subgenomic cDNA (lane 8) yielded two slightly different sized bands of 2.3 kb and 2.5 kb, in which the subgenomic RNA lacked and contained the H␦R and T7, respectively. In cells transfected with genomic cDNA, expression of the expected 2.3 kb subgenomic RNA was first detected at 6 h pt (lane 2). Subgenomic RNA was not detected at 4 h pt despite expression of genomic RNA (lane 1) and was absent in mocktransfected cells (lane 6). Subgenomic RNA was not a degradation product or an intermediate of genomic RNA, because the expression level of subgenomic RNA dropped between 6 and 8 h pt (lanes 2 and 3) , then remained relatively constant until 12 h pt (lanes 3-5) despite decreasing levels of genomic RNA observed over time (lanes 3 to 5). 5Ј end mapping of the subgenomic RNA by primer extension indicated that the sequence of subgenomic RNA detected in cells expressing genomic RNA began at the conserved transcription initiation site of subgenomic calicivirus RNA (5) (Fig. 5) . In addition, the subgenomic RNA expressed from genomic RNA was extracted from an agarose gel and then was subjected to 5Ј-RACE analysis (Fig.  7 , which is published as supporting information on the PNAS web site). The 5Ј-end sequence of the subgenomic RNA began at the conserved transcription site of the calicivirus subgenomic RNA, which has similarity to the first four nucleotides of genomic RNA (GTAA), followed by the first in-frame AUG of ORF2. We also examined the expression of subgenomic RNA from genomic RNA, in which the RNA Pol was inactivated by deletion of the GDD amino acid sequence that is the conserved active site of RNA Pols. Expression of subgenomic RNA was not detected in cells expressing genomic RNA with an inactivated RNA Pol (Fig. 8 , which is published as supporting information on the PNAS web site). These observations indicate that the detected subgenomic RNA was generated by transcription from genomic RNA and was not due to promiscuous T7 transcription (Fig. 9 , which is published as supporting information on the PNAS web site).
Taken together, detection of capsid VP1 protein and subgenomic RNA in cells expressing genomic RNA indicates that replication of the genomic RNA expressed by the MVA͞T7 system occurred, i.e., subgenomic RNA generated from genomic RNA by the expressed and functional nonstructural proteins, and was translated into VP1. Thus, a NV cDNA clone that is a biologically functional infectious clone has been constructed, and mammalian cells are able to replicate this clone.
Packaging of Viral Genomic RNA into Virus Particles. Empty NV virus particles, which are morphologically and antigenically similar to wild-type virions, can be produced when the viral structural proteins VP1 and VP2 are expressed in insect Sf-9 cells by use of recombinant baculoviruses containing subgenomic cDNA (8) . We expressed the native form of the viral subgenomic RNA in mammalian cells and examined whether virus particles were generated. Virus particles derived from subgenomic RNAexpressing cells were purified from culture supernatants by isopycnic CsCl gradient centrifugation, followed by fractionation, and the putative virus particles were pelleted from each fraction for analysis. Both VP1 and VP2 were detected in the same fraction by Western blotting (Fig. 3A , fractions 4-6); a peak of cosedimentation of VP1 and VP2 was detected in fraction 5. The presence of virus particles in fraction 5 was confirmed by negative stain electron microscopy (Fig. 3B) . These results provide evidence that expression of a native form of NV subgenomic RNA in mammalian cells generates virus particles composed of both VP1 and VP2.
We next sought to determine whether viral genomic RNA was packaged into the virus particles produced by mammalian cells expressing viral RNA using the MVA͞T7 system. For this purpose, virus particles, isolated from gradient fractions as described above, were treated with DNase I and RNase A to remove plasmid DNA or viral RNA that may have nonspecifically attached to the particle surface. Viral RNA was then extracted from virus particles and quantitated by real-time RT-PCR. To detect genomic RNA, primers specific to the RNA Pol region, present in genomic RNA but absent from subgenomic RNA, were used. When virus particles were fractionated from cells expressing genomic RNA alone, a weak positive signal indicating incorporation of viral genomic RNA into virus particles was detected in fraction 8 (data not shown). However, the presence of capsid protein VP1 could not be detected in fraction 8 because of the detection limits of Western blotting. The expression level of VP1 in genomic RNA expressing cells was much lower than that in subgenomic RNA-expressing cells (Fig. 2 A) . Therefore, to augment the expression of VP1 and VP2 capsid proteins and increase the probability of packaging the viral genome, virus particles were isolated from cells coexpressing genomic and subgenomic RNA. A positive signal indicating incorporation of viral genomic RNA into virus particles was again detected in fraction 8 (Fig. 4A ). This positive signal was detected in the presence of reverse transcriptase but not in its absence, indicating that this signal was due to the incorporation of viral genomic RNA but not NV cDNA. The capsid protein VP1 was also detected in fraction 8 by Western blotting with hyperimmune anti-NV serum (Fig. 4 A) . Virus particles were detected in fractions 2-5 by negative stain electron microscopy (data not shown); however, a positive signal indicating the packaging of genomic RNA was not detected in these fractions, indicating that these virus particles were empty. These results indicate that a small percentage of virus particles could package genomic RNA, and the density of these particles was shifted Incorporation of viral RNA into virus particles. Virus particles were isolated from the culture supernatants of cells expressing subgenomic RNA or coexpressing both genomic and subgenomic RNA, followed by sedimentation as described in Fig. 3 . The sedimented particles from individual fractions were treated with DNase I and RNase A, and nucleic acid was extracted and subjected to quantitative real-time RT-PCR, performed with or without reverse transcriptase. The copy number of viral RNA present in each fraction was determined by comparison with a standard curve, and the results are plotted against the density. Each fraction was also examined by Western blotting for the presence of VP1, and the results are shown in the inserts. (A) Detection of genomic RNA incorporated into virus particles generated by the coexpression of genomic and subgenomic RNA by using primers corresponding to the Pol region. (B) Detection of subgenomic RNA incorporated into virus particles generated by coexpression of genomic and subgenomic RNA (i) or subgenomic RNA alone (ii) by using primers corresponding to the capsid region.
from fractions 2-5 (low density where empty particles band) to fraction 8 (high density). We also examined incorporation of viral RNA into virus particles, generated under two different expression conditions (subgenomic RNA alone or both subgenomic and genomic RNA), by use of primers specific to the capsid region that can detect both genomic and subgenomic RNA. Again, a positive signal was detected in fraction 8 in particles generated by coexpressing genomic and subgenomic RNA (Fig. 4Bi) . However, virus particles generated by expression of subgenomic RNA alone did not show any positive RNA signal (Fig. 4Bii) . Although high levels of capsid protein were detected in fractions 2-5 (Fig. 4Bii) , the virus particles appeared empty by negative stain electron microscopy (data not shown). Thus, particles generated by expression of subgenomic RNA alone were empty virus particles that lacked the viral RNA. Virus particles containing the genomic RNA generated by coexpression of genomic and subgenomic RNA were isolated at a CsCl density of 1.32-1.36 g͞ml, similar to the densities reported previously for NV purified from stool (10, 26 -29) . By contrast, the empty virus particles generated by expression of subgenomic had a CsCl density of 1.27-1.29 g͞ml. Thus, the density of the fraction containing the genomic RNA was higher than that of empty virus particles and close to that of virus particles detected in human stool. These data strongly indicate that viral RNA is incorporated into virus particles generated by coexpressing genomic and subgenomic RNA.
Discussion
We developed a mammalian-based replication system for a noncultivatable human norovirus. This system is based on driving the expression of the NV viral RNA in the cell cytoplasm by T7 RNA Pol produced by the recombinant vaccinia virus strain MVA (13, 14) . NV genomic RNA expressed in mammalian cells by use of this system can replicate: translation of the NV nonstructural proteins required for viral replication and transcription of subgenomic RNA from the expressed NV genomic RNA occurred. 5Ј-RACE analysis of subgenomic RNA extracted from an agarose gel indicated that the 5Ј end sequence of subgenomic RNA was similar to the first four nucleotides of genomic RNA (GTAA) and then continued to the first in-frame AUG of ORF2. Thus, subgenomic RNA transcribed from the expressed genomic RNA began at the conserved predicted transcription initiation site for subgenomic RNAs in caliciviruses. In cells expressing genomic RNA that contain a mutated RNA Pol, expression of subgenomic RNA could not be detected. These observations indicate that the detected subgenomic RNA was generated by transcription from genomic RNA and was not due to the promiscuous T7 transcription or RNA degradation. Expression of VP1 was also detected in cells expressing genomic RNA, but not by in vitro translation of genomic RNA. Therefore, VP1 detected in cells expressing genomic RNA was due to the translation of subgenomic RNA and not due to an internal initiation-based translation mechanism, indicating that subgenomic RNA was biologically functional. We have not yet tried to detect synthesis of NV negative-strand RNA. Nevertheless, transcription of a biologically functional subgenomic RNA from the expressed genomic RNA suggests that the synthesis of NV negative-strand RNA from genomic RNA occurred by use of the expressed biologically functional NV nonstructural proteins.
NV genomic RNA was packaged into virus particles when genomic RNA was coexpressed with subgenomic RNA, whereas subgenomic RNA was not packaged when subgenomic RNA alone was expressed. This observation suggests that the genomic RNA packaging signal may reside in the ORF1 region and͞or nonstructural proteins may be required for RNA packaging.
Whether the produced virus particles containing the NV genome are infectious is not known because virus infectivity cannot be tested directly because of the lack of a system for cultivation of virus. However, the virus particles expressed in this system have the potential to be infectious, because the CsCl density of virus particles containing genomic RNA was similar to intact virus particles detected in human stool. In addition, empty virus particles generated in mammalian cells are antigenically and structurally similar to wild-type virus, and NV is a nonenveloped virus.
The RNA genomes of animal calicivirus, e.g., rabbit hemorrhagic disease virus and feline calicivirus, are covalently linked to the viral protein VPg at the 5Ј end (30 -33) . In feline calicivirus, viral genome RNA without VPg is not infectious (34) . Recent data indicate that VPg may function in the initiation of translation of NV RNA (35) ; however, the exact functions of VPg in NV replication still remain unclear. VPg proteins derived from positive-strand viruses in families other than Caliciviridae have multiple functions in viral RNA replication, translation, and encapsidation (36) . The results in this article suggest that VPg is expressed from genomic RNA. Therefore, the expressed VPg may also have multiple functions and may play a role for successful NV replication, translation, and packaging of viral genome into virus particles. Further studies need to determine whether VPg is covalently linked to the NV genomic and subgenomic RNA and whether VPg is essential for NV replication.
Cultured cell lines susceptible to human norovirus infection are not currently available. This limitation may be due to the restriction of any step in the virus replication cycle, such as penetration of virus particles into the cell after binding to cellular receptors, uncoating of virus particles necessary for release of viral RNA into the cytoplasm, or later steps involving replication of the genome or virus assembly. The results in this article indicate that mammalian cells can replicate intracellularly expressed viral RNA and package viral RNA into virus particles. Thus, a lack of host factors to support intracellular expression of viral RNA is apparently not the cause of restriction for virus replication. For RNA viruses that lack an appropriate in vitro replication system, reverse genetics systems by using the MVA-T7 expression system are often used and have succeeded in generating infectious virus particles from cells lines not susceptible to these viruses, e.g., feline calicivirus (37) . The origin of the 293T cells used for these experiments are human embryonic kidney cells, which likely is not the organ where NV replicates. However, these cells have a high transfection efficiency, and kidney cells frequently support the replication of enteric viruses. Recent reports indicate that down-regulation of IFN-mediated STAT1 enhances animal calicivirus replication (38, 39) . Down-regulation of the IFN-mediated STAT1 signaling pathway in 293T cells may enhance the efficiency of NV genome replication. Testing NV genome replication in the human intestinal cell line, Caco-2, and other potentially susceptible cell lines may also lead to identification of other cells that support NV replication and that may replicate the viral genome more efficiently.
The mammalian-based system described here will allow characterization of the life cycle of human norovirus in mammalian cells and genetic manipulation of the NV genome to dissect specific viral and host functions required for efficient viral replication. In addition, this system should advance the molecular biological analysis of human calicivirus replication and facilitate the testing of antiviral agents in mammalian cells. 
